Using multicomponent ocean-bottom seismic technology, it is possible to obtain robust estimates of several subsurface parameters. We apply an automatic data registration (warping) algorithm to find a mapping between P-wave and convertedwave migrated images. The algorithm improves the matching of the two seismic volumes obtained by previous manual interpretation. There are two main products of this process. First, it improves a combined interpretation of the gas cloud zones that are obscured in the conventional one-component (P-wave) seismic images. Second, interval Poisson ratios get extracted directly from the warping function. This extraction provides a petrophysical characterization of the subsurface at a resolution unobtainable by other methods.
Introduction
Multicomponent seismic exploration with ocean-bottom technology opens new possibilities for improving seismic imaging and for extracting valuable additional information about subsurface physical characteristics (Stewart et al, 2003) . The benefits of using multicomponent data have been proven for imaging through gas clouds and identifying shallow gas hazards (Granli et al, 1999; Englehart et al, 2001; Knapp et al, 2001) . Joint interpretation of multiple image components (P-P and P-S images) depends on our ability to identify and register reflection events from similar reflectors. This task is especially challenging in shallow sediments, where the high ratio of Pand S-velocities causes large differences in the corresponding traveltimes. DeAngelo et al (2003) describe a careful strategy of joint P-P and P-S interpretation with application to subsurface characterization in the shallow Gulf of Mexico.
In this study, we extend the registration procedure with an accurate automatic algorithm for representing P-S reflection events in the corresponding P-P time. By examining the algorithm performance on simple synthetic data, we observe that the differences in the frequency content of the P-wave and converted-wave data have a major impact on the registration accuracy. We implement a non-stationary spectral balancing method to take these differences into account. Balanced images are then automatically registered (warped) to estimate a point-by-point correlation function. The time derivative of this function produces the time-variable ratio of the P and S seismic velocities. This ratio and the related Poisson ratio are major physical attributes useful for interpreting subsurface structures. Our method enables extracting them directly from time-migrated P-P and P-S images.
Application of this technique to data from the Gulf of Mexico reveals the structure of sediments around shallow gas clouds with a resolution unobtainable by other methods.
Theory
If we denote a P-P seismic image as a function of the vertical P-P traveltime t as P(t) and the corresponding converted-wave image as a function of the vertical P-S traveltime τ as C(τ), then the relationship between the two images can be expressed as
where w(t) is the warping function establishing the correspondence of reflection events in the two images, and a(t) is the amplitude gain function compensating for the difference in reflectivity. We assume the reflection events to be correctly positioned laterally in the migrated images so that the differences can be explained by vertical transformations only. The depth-dependent ratio of the P and S velocities expressed in the P-P traveltime coordinate is simply related to the derivative of the warping function
Equation (2) is usually applied in the form of an interval relationship γ = 2 ∆τ/∆ t -1 for a layer of time thickness ∆ t (Stewart et al, 2002) . It extends naturally to the continuous case, providing continuous depth-variable values of the interval γ that convert into related Poisson's ratio σ, as follows:
Our goal is to estimate the functions w(t) and a(t) from available P-P and P-S images and to derive the corresponding Vp/Vs ratio γ(t). This task resembles the problem of warping (Wolberg, 1990 ) that exists in bio-medical imaging processing and in seismic time-lapse cross-equalization (Rickett and Lumley, 2001 ).
Numerical Method
We estimate the required quantities a(t) and w(t) numerically by least-squares minimization of the difference between the Pwave image and the warped C-wave image. This problem is underdetermined. However, it becomes well-defined after adding smoothness constraints on the estimated quantities. The minimized objective function takes the form
where ε and λ are scaling coefficients. Penalizing large second derivatives assures smoothness in estimated quantities including the derived P-and S-velocity ratio γ, defined in equation (2). It also assists in effective automatic registration (Fischer and Modersitzki, 2003) . Additional constraints can be added to enforce lateral continuity and to incorporate warping picks from manual registration of time horizons.
We minimize the least-squares objective function with the Gauss-Newton method. Since the amplitude gain a(t) appears linearly in the equation, the problem is separable and allows for an effective variable projection technique (Kaufman, 1975) . When the second derivative operators are approximated by finite differences, each iteration of the Gauss-Newton minimization amounts to a fast inversion of a pentadiagonal matrix. Usually less than 10 iterations are required for an acceptable convergence. To avoid being trapped in a local minimum, the method needs a good initial guess for the warping function w(t). A careful initial interpretation (DeAngelo at al, 2003) or converted-wave velocity analysis can provide a close initial guess. Another technique for deriving a warping approximation is identifying maximum crosscorrelation in local windows (Rickett and Lumley, 2001) . Figure 1 shows simple synthetic data used for testing our registration method. The data are generated by convolving a Ricker wavelet with random reflectivity defined for 1000 layers of variable thickness. Lower-frequency wavelets were used for P-S data to account for the differences in the frequency content observable in practice. The assumed velocity ratio γ(t) follows a smooth curve representing its expected behavior in shallow marine sediments (Hamilton, 1976) . Figure 2 shows the result of applying the exact analytical warping function to the P-S reflection data and comparing the result with the P-P reflection. We observe a poor match, which is caused by spectral differences in the signals. Warped P-S signal has higher frequency at shallow depth resulting from the high velocity ratio and lower frequency at deeper depth. Figure 2: Applying analytical warping. Top: exact Vp/Vs ratio (dots) and applied ratio (line). Bottom: P-P data, warped P-S data, and difference. Poor match at deeper depth is caused by spectral differences. Figure 3 show the result of applying non-stationary spectral balancing, which amounts to smoothing the reference P-P data at larger depths. The signals are now well correlated. A small amount of residual automatic warping removes the remaining differences. These experiments demonstrate the important role of non-stationary spectral balancing in the registration process. Figures 5 and 6 show a test on estimating the warping function and the velocity ratio starting from a different a priori guess. It is difficult to recognize correspondence between different events on P-P and P-S reflections after the initial warping ( Figure 5 ). After five iterations of non-stationary spectral balancing and automatic warping, the correspondence becomes clear, and the correct velocity ratio is accurately estimated (Figure 6 ). 
Synthetic tests

Application
The data used in this study are from a multi-client 4-C ocean bottom cable survey acquired over 46 OCS blocks of East Cameron South, offshore Louisiana in 1999 and 2000, covering approximately 1000km 2 (Knapp et al, 2001 ). The survey is located on the continental shelf in water depths of approximately 100m. The data were processed as a puremode P-wave (P-P) volume created from vertical geophone velocity and hydrophone pressure data, and as a radiallyrotated converted (P-S) volume created from the horizontal velocity phones. We used a P-P wave volume with an extent of 1s in two-way traveltime, and a P-S wave volume extending to 2. The deeper portion of the data is currently in use for the location of commercial hydrocarbon prospects.
We estimated the initial ratio of P-and S-velocities by identifying similar stratigraphic features in interpreted P-P and P-S volumes and extending this correspondence to the correspondence of picked horizons (DeAngelo et al, 2003) . A regionally averaged ratio is shown in Figure 7 together with 2-D sections of P-P and warped P-S data. Figure 7 . The observed match is poor partially because of the event misalignment and partially because of the non-stationary spectral differences and amplitude differences. Analogously to the synthetic examples, the warped P-S trace appears to have higher frequencies at shallow depths because of the squeezing effect of the P-S to P-P warping and lower frequencies at deeper depths. Nonstationary spectral balancing reduces the spectral differences ( Figure 9 ) and allows us to align the events with accurate automatic warping (Figure 10 ). The estimated velocity ratio develops a layered structure, which reflects the lithological variations in shallow sediments. The final result is presented in 2-D section view in Figure 11 . High-resolution layered features appear in the estimated velocity ratio and characterize the shallow sediment structure. 
Conclusions
The proposed efficient method for accurate registration of P-P and P-S time migrated images allows us to extract highresolution estimates of the P-and S-velocity ratio: a major physical attribute for subsurface characterization. Using synthetic data tests, we have tuned the numerical algorithm to include non-stationary spectral balancing for an improved matching of corresponding reflectors in P-P and P-S images. The method performed successfully when applied to shallow images from the Gulf of Mexico. More applications are anticipated.
